The circadian rhythms in melatonin production in the chicken pineal gland and retina reflect changes in the activity of serotonin N-acetyltransferase (arylalkylamine N-acetyltransferase; AA-NAT; EC 2.3.1 .87). Here we determined that the chicken AA-NAT mRNA is detectable in follicular pineal cells and retinal photoreceptors and that it exhibits a circadian rhythm, with peak levels at night. AA-NAT mRNA was not detected in other tissues. The AA-NAT mRNA rhythm in the pineal gland and retina persists in constant darkness (DD) and constant lighting (LL). The amplitude of the pineal mRNA rhythm is not decreased in LL. Light appears to influence the phase of the clocT< driving the rhythm in pineal AA-NAT mRNA in two ways: The peak is delayed by~-~6 h in LL, and it is advanced by >4 h by a 6-h light pulse late in subjective night in DO. Nocturnal AA-NAT mRNA levels do not change during a 20-mm exposure to light, whereas this treatment dramatically decreases AA-NAT activity. These observations suggest that the rhythmic changes in chicken pineal AA-NAT activity reflect, at least in part, clock-generated changes in mRNA levels. In contrast, changes in mANA content are not involved in the rapid light-induced decrease in AA-NAT activity.
A circadian rhythm in circulating melatonin generated by the pineal gland entrains seasonal changes in vertebrate physiology and influences circadian activity (Karsch et a!., 1991; Dollins et al., 1994; Arendt, 1995) . Melatonin is of special interest in birds for two reasons. One is that the melatonin rhythm plays a dominant role in driving the locomotor activity rhythm in some birds (Cassone, 1990) . These effects may be mediated by melatonin receptors in the chicken brain (Rivkees et al., 1989; Siuciak et al., 1991; Reppert et a!., 1995) . The second is that the pineal gland contains a circadian clock, which plays an important role in generating the melatonin rhythm (Binkley eta!., 1978; Deguchi, 1979; Takahashi et al., 1980) ; the pineal clock acts in conjunction with the clock in the visual suprachiasmatic nuclei (Cassone and Menaker, 1983; Cassone eta!., 1990) , which is similar to that in mammals (Klein, 1985) .
Small amounts of melatonin are also synthesized rhythmically in the retina, where melatonin appears to act as a local modulator (Besharse and Dunis, 1983; Zawilska and Nowak, 1992; luvone. 1995) . Rhythmic melatonin synthesis in this tissue is regulated by a circadian clock located in photoreceptors (Besharse and luvone, 1983; Underwood et al., 1990; Zawilska and luvone, 1992; Cahill and Besharse, 1993; Thomas et al., 1993) .
Rhythms in melatonin synthesis in the avian pineal gland are due primarily to changes in the activity of arylalkylamine N-acetyltransferase (AA-NAT; EC 2.3.1.87), the first enzyme in the conversion of serotonm to melatonin (Klein and Weller, 1970; Binkley et al., 1973; Klein, 1985) . Our understanding of this enzyme has recently been advanced by the cloning of mammalian AA-NAT cDNAs (Borjigin et a!., 1995; Coon et al., 1995 Coon et al., , 1996 Roseboom et a!., 1996) . This revealed that AA-NAT represents a new gene family, which may have evolved as part of the vertebrate system that uses melatonin as a biological signal. High levels of AA-NAT rnRNA are lound only iii the pineal gland and retina; however, very low levels also occur in the pituitary gland, testes, and brain of some mammals (Borjigin et a!., 1995; Coon et al., 1995 : Roseboom et a!., 1996 .
Analysis of the circadian rhythm in mammalian AA-NAT rnRNA has revealed a remarkable species-tospecies difference in the role that changes in mRNA play in regulating AA-NAT activity. In sheep there is little day/night difference in AA-NAT mRNA levels, and the nocturnal increase in AA-NAT activity appears to primarily reflect posttranscriptional mechanisms (Coon et al., 1995) . In contrast, in the rat there is a >150-fold increase in AA-NAT mRNA at night, and it appears that both transcriptional and posttranseriptional mechanisms are involved in regulating AA-NAT activity (Borjigin et al., 1995; Coon et a!., 1995; Roseboom et a!., 1996) .
In the study presented here, we cloned chicken AA-NAT eDNA and used it to study AA-NAT mRNA. The specific purpose of this effort was to determine whether circadian and rapid light-induced changes in AA-NAT activity in the chicken pineal gland and retina are associated with changes in AA-NAT mRNA levels in this species.
MATERIALS AND METHODS

Cloning of chicken AA-NAT cDNA
Library screening. A X-gtl I chicken pineal eDNA library (Voisin et al., 1992) was screened with a random-primed 2Plabeled probe. The probe was generated by PCR amplification of chicken pineal eDNA using sheep-specific AA-NAT primers (Coon et al.. 1995) (hp 246-265 and 771-752 ; GenBank accession no. U29663). This identified clone 9A. which was puritied and digested with BainHI to release the full-length 1.44-kb eDNA insert and then stihcloned into the phagemid vector pBK-CMV (Stratagene, La Jolla, CA. U.S.A.).
5equencing. Double-stranded plasmid pB K-CM V ternplale DNA prepared front clone 9A was sequenced in both directions (Sanger et al.. 1977) . The chicken AA-NAT eDNA sequence has been deposited with GenBank under accession no. U46502.
In vitro transcription and translation. Clone 9A was linearized with Not! ( Boehringer-Mannheim. Indianapolis, IN, U.S.A.) and then transcribed with T3 RNA polynierasc Boehringer-Mannheim) following the manufacturer's protocol. The mRNA was used as a template for in vitro translanon in a rabbit reticulocyte lysate system . The protein expressed by clone 9A was then assayed for AA-NAT activity. To estimate the size ot the expressed protein, a translation reaction was performed in the presence of I 1 methionine . Proteins were then separated by sodium dodecyl sulfate--polyacrylamide gel electrophoresis (Laemmli, 1970) and visualiied by autoradiography of the gel. Molecular mass was estimated from the position of prestained Rainbow marker standards (Amersham, Arlington Heights, IL, U.S.A.).
Animals and experimental treatments
Male White Leghorn chickens ( Gal/its (/ooiesluii.s on the day of h;ttching and were housed (for 2--3 sseeks in heated brooders on a 12-ft light/I 2-h dark cycle 1.1) 12; 12; lights on zeitgeher time ( ZT ) 0-121 with lights provided by cool white fluorescent tubes. Following this, the lighting cycle was altered as described in the figure legends. The intensity of the fluorescent light inside the brooders was -0.1 -10 pW/cm . Tissues used in Fig. 2A were obtained at ZT 20:30. Those m Fig. 2B and 2C were from animaL kept in constant darkness ( DD ) for 48 h and killed at circadian time 6 (CT 6; subjective day) or CT IS (subjective night). In acute light experiments, animals were exposed to fluorescent room Iight in clear plastic cages. Light intensity at the level of the cages was -50 pW/cm. Animals were killed by decapitation, and tissLies were dissected and frozen Oti solid CD:. Dissections in 'darkness'' were performed under dim red light ( Wr;tten no. 92; <3 mm from exposure to freeting of tissue Animals used for in sitLi analysis were also maintained on an LD 12: 12 lighting regimen and killed at ZT 6 or ZT 18. The animals were anesthetized with inethoxyflurane fumes and killed by decapitation. Brains were removed and frozen in 2-niethylbLitane at --40°C.
Analytical techniques
Northern blot (OU1IVSLS. Total RNA was extracted using the guanidine HCI/phenol procedure and separated on a 1.5> agarose/0.7 ill formaldehyde gel as previously described Bernard et al.. 1995 ) . RNA was transferred to a nylon membrane (Nytran; Schleicher and Schuell, Keene. NH. U.S.A.) by passive c;tpillary transfer and pi-obed with random-primed~P-labeled cDNAs. The 1.4-kb full-lengh eDNA probe Lised for detection of AA-NAT rnRNA was generated from the chicken AA-NAT clone 9A (see precerling section on Library screening for details). Data were normalized for variations in RNA loading and transfer efficiency. by probing the northern blots with a 2-kb human /3-aetin eDNA ( Clontech. Palo Alto. CA. U.S.A.; 86> identity with chicken /3-actin cDNA. The integrity of the RNA used for northern blot analysis of selected chicken tissues ssas confirmed by detection of mRNA encoding either /3-actin or glyceraldehyde-3-phosphate dehydrogenase (G3PDH). The 983-hp G3PDH eDNA probe was obtained by PCR amplification of rat eDNA with primers specific for the coding region of rat G3PDH (bases 35-6() and 1.017-994; GenBank accession no. Ml 7701; 85> identity with chicken G3PDH eDNA ) . All probes were hybridized to northern blots at 68°C in QuikHyb ( Stratagene ). and the final wash was at 60°Cin 0. I x saline-sodium citrate ( SSC ) containing OIL sodium dodecyl sulfate for 15 miii. Hybridized blots were imaged and analyzed using a Phosphorlmager ( Molecular Dynamics. Sunnyvale, CA. U.S.A.). Transcript sizes were estimated by comparison with standard RNA marker.s RNA Molecular Weight Marker I; Boehringer-Mannheim). Each pouit presented in the figures represents the mean of the analysis of at least two separate tissue preparations. each of which contained two pineal glands or foLir reti iias.
AA-NAT assay. Enzyme activity m the rabbit reticulocyte lysate was measured as described by Voiisin and Colliri (1986) . The activity of the related enz me arylamine N-acetyltransferase was measured with 10 in M phenetidine (City Chemical. New York, NY. U.S.A.) as substrate, using the same procedure. AA-NAT enzyme activity present in pineal glands and retinas was measured by a published method (Thomas and luvone, 1991) . In experiments where both mRNA and activity were measured. pineal glands were routinely taken from different animals in the same experimental group; one eye of each animal was used for mRNA assay, and the contralatei'al eye was used for activity assay.
In situ hybridization. Radioactive and nonradioactive methods were used to detect AA-NAT mRNA.
Radioactive detection. Transverse brain sections (20 pm thick ) were thaw-mounted to acid-washed Verabond-coated slides. Sections were fixed in 4% paraformaldehyde for 5 mm and then dehydrated in a series of ethanol solutions. The antisense and sense oligonucleotide probes were derived from the chicken AA-NAT clone 9A sequence (bases 664-630). Antisense and sense probes were radiolaheled with [a-~P1dATP (Du Pont, Boston. MA, U.S.A.; 200 Ci! mmol ). rising the Boehringer-Mannheim terminal trailsferase kit. In situ hybridization was performed as described by Reppert et al. (1995) with slight modifIcations. In brief, sections were prehybridized in a buffer containing 50% formamide, 50% 4 >< SSC, and 10% dextran sulfate (Wisden and Morris, 1994) Nonradioortive detection. Digoxigenin riboprohes were synthesized by in vitro transcription and hydrolyzed in a bicarbonate buffer. Pineal and retina sections were thawmounted to polylysine-coated slides~,fixed in 4% paraformaldehyde for 10 mm, and acetylated for 10 mm in 0.2% acetic anhydride and I .2% triethanolamine in phosphate-buffered saline. Sections were prehybridized overnight at 20°C in hybridization buffer (50%-formamide. 25% 5~SSC. 25% 5 x Denhardt's. 500 pg/nil herring sperm DNA. and 250 pg/mI baker's yeast RNA). They were then hybridized overnight at 60°C in hybridization buffer containing 50-100 ng of cRNA probe/mI. Following hybridization. sections were washed in 0.2 X SSC at 60°Cfor I h, in 0.2 A SSC at 20°C for 5 mm, and in 0.1 ill maleic acid and 0.15 M NaCI for 10 miii. Sections were blocked for 30 mm in 5% goat serum, 0.3% Triton-X. and 1% boy inc serum album in in 100 mM Tris-huffered saline and then incubated in 1:5.000 anti-digoxigenin antiserum conjugated to alkaline phosphatase Boehringer-Mannheim) in 2.5% goat serum and 0.3% Tnton-X in Tnis-huffered saline for 2 Ii. Sections were then washed in Tris-huffered saline and incubated for 15 Ii in a solution containing 350 pg/mI 4-nitro blue tetraiol ium chloride. 175 pg/nil 5-bromo-4-chloro-3-indolyl phosphate. and I mM levamisole in Tris-bLiffered saline.
Statistical analysis
Enzyme activity data were analyzed by ANOVA and Student-Newman-Keuls test (Zivin and Bartko, 1976) rising the SigmaStat program (Jandel Scientific Software, San Rafael. CA. U.S.A.).
RESULTS
Cloning of chicken AA-NAT cI)NA
A putative AA-NAT clone (clone 9A) was isolated The consensus sequence identifies amino acids that are identical between the four sequences. The conserved putative phosphorylation sites are shaded: cnpk, cyclic nucleotide-dependent protein kinase; pkc, protein kinase C; and ck2, casein kinase II. The two conserved motifs (A and B) are underlined. B: In vitro expression of AA-NAT clone 9A in a rabbit reticulocyte lysate. Enzyme activity was measured with the indicated substrate, as described in Materials and Methods. The control assay was performed with reticulocyte lysate in the absence of AA-NAT mRNA.
FIG. 2.
Tissue-specific expression of PA-NAT mRNA. A: Chickens were housed in controlled lighting LD 12:12 (lights on at ZT 0) and were killed at ZT 20:30 (= night). Northern blot analysis was performed on total RNA obtained from selected tissues. Each lane contains 20 pg of total RNA except for the pineal gland (10 pg). Following detection of AA-NAT mRNA, the blot was stripped and probed for G3PDH and /1-actin mRNA5. B and C: Chickens were housed in LD 12:12 for 2 weeks and then were transferred to DD and killed at CT 6 (B; subjective day) or CT 18 (C; subjective night). Northern blot analysis was performed on total RNA from selected brain regions. Each lane contains 20 pg of total RNA except for the pineal gland (10 pg). Technical details are described in A.
region and '--30-40% in the 5' and 3' noncoding regions (Devereux et al., 1984) . The deduced amino acid sequence is 67-71% identical and 76-80% similar to the mammalian sequences (Fig. lA) .
It was determined that the open reading frame of clone 9A encodes AA-NAT by expressing clone 9A-derived mRNA in a rabbit reticulocyte Iysate preparation. This produced a~--26-kDa protein (data not shown) and increased acetylation of the arylalkylamine tryptamine but not of the arylamine phenetidine (Fig.  1B) , indicating clone 9A encodes AA-NAT.
Tissue-specific expression of AA-NAT mRNA in the chicken AA-NAT mRNA is expressed in the chicken pineal gland and retina as a single transcript ('--1.6 kb; Fig.  2A ). AA-NAT mRNA levels are four-to fivefold higher in the pineal gland relative to the retina (Fig.  2C) ; this transcript was undetectable by northern blot analysis in any of nine peripheral tissues obtained during the night or 10 brain regions obtained during subjective day and subjective night ( Fig. 2) .
In situ hybridization analysis of whole brain sections revealed strong hybridization of the antisense probe in the pineal gland during the night but not during the day (Fig. 3A) ; hybridization was not detected in the night pineal gland using the sense probe (data not shown). Analysis of serial sections of the entire brain failed to detect hybridization outside the pineal gland ( Fig. 3A and authors' unpublished data). AA-NAT hybridization in the night pineal gland appeared to be located in follicular cells (modified photoreceptors and parafollicular pinealocytes) but not in interstitial cells, blood vessels, or sympathetic fibers (Fig. 3B) . Examination of the retina indicated that label was located primarily in the outer nuclear layer and that this signal was stronger at midnight that at midday (Fig. 3C) ; faint labeling was also detected in the ganglion cell layer.
Daily rhythm in AA-NAT mRNA in pineal gland and retina
Pineal AA-NAT mRNA levels increased 10-fold at night on LD (Fig. 4A ). in agreement with the results of in situ studies (Fig. 3A) . In addition, an approximately fourfold nocturnal increase occurred in the retina (Fig. 4B) . In both tissues, the nocturnal increase in AA-NAT mRNA level was accompanied by an increase in AA-NAT activity (Fig. 4) .
Circadian control of the rhythm in AA-NAT mRNA The LD study presented above (Fig. 4) provides evidence that the rhythmic changes in AA-NAT mRNA reflect the driving action of an endogenous timing mechanism, because changes in AA-NAT mRNA were anticipated, i.e., the abundance of pineal AA-NAT mRNA started to increase in the light, before the onset of darkness, and started to decrease in darkness, before the onset of light. The role of such an endogenous mechanism was investigated rising DD and constant lighting (LL). In both conditions, the rhythm in AA-NAT mRNA persisted in the pineal gland and retina (Figs. 5 and 6 ). indicating that these changes are controlled by an enclogenous clock. As detailed below, the characteristics of the rhythm and the relationship between the rhythms in mRNA and enzyme activity changed with the lighting conditions; in addition, marked differences were observed between the pinea! gland and retina.
Pineal AA-NAT rhythms. The rhythm in AA-NAT mRNA in DD was clearly evident but differed from that observed in LD in that subjective day (DD) values were higher than control (LD) day values (Fig. 5A) . The pineal AA-NAT activity rhythm also persisted in DD. although the nighttime peak values gradually decreased, resulting in a damped rhythm (Fig. 5A) , as previously reported (Binkley and Geller, 1975) .
In LL, the rhythms in pineal AA-NAT mRNA and activity persisted. The difference between the subjective day and subjective night AA-NAT mRNA levels remained the same, although both the trough and peak values increased approximately twofold (Fig. 6A) . In contrast, the subjective day values of AA-NAT activity remained the same, but the peak values during subjecti ye night gradually decreased approximately threefold, resulting in a damped rhythm (Fig. 6A) . A distinct feature of the rhythm in pineal AA-NAT mRNA in LL was that values peaked -6 h later than expected (Fig. 6A) , as previously described for enzyme activity (Wainwright and Wainwright, 1981) .
RetinalAA-NATrhythms. In DD, the rhythm in retinal AA-NAT mRNA became less well-defined, because of an increase in subjective day values (Fig.  SB) . This is similar to what occurs in the pineal gland. However, in contrast to the pineal gland, there was a gradual increase in the retina in subjective day AA-NAT activity, in parallel with the increase in AA-NAT mRNA content.
In LL, the retinal AA-NAT mRNA rhythm persisted, but the amplitude was reduced by '--50%. This reduction was primarily due to a decrease in subjective night values (Fig. 6B) . In contrast to the pineal gland, a shift in the timing of the peak in the retinal AA-NAT mRNA peak values in LL was not apparent. Retinal AA-NAT activity was strongly damped in LL, although a statistically significant rhythm was still detected (p < 0.01).
Acute and phase-shifting effects of light on AA-NAT mRNA level and activity
Light is known to act on AA-NAT activity in two ways. First, exposure to unexpected light-at-night can rapidly decrease AA-NAT activity in both the pineal gland and retina : Hamm et al.. 1983 . This was confirmed in these studies (Fig. 7: 40-60% decrease in 20 mm). However, unexpected light-at-night did not alter AA-NAT mRNA levels (Fig. 7) , indicating that rapid effects of light on activity are not due to a decrease in mRNA content. Second, exposure to light in subjective night in DD phase-shifts the rhythm in AA-NAT activity in the pmneal gland (Binkley et al., 1981) . In the experiments presented here, chickens were exposed to a 6-h light pulse at the end of the first subjective night in DD (Fig. 8A ). This induced a phase-advance by >4 h in the pineal AA-.1. Neurnhern., Vol. 68, No. I, /997 NAT mRNA rhythm (Fig. 8B) . A similar phase advance was observed in the retina for AA-NAT activity (data not shown). However, in the retina the damped nature of the AA-NAT mRNA rhythm prevented meaningful analysis of the phase of this rhythm.
DISCUSSION
The results presented here provide insight into the biology of chicken AA-NAT, including structure, tissue-specific expression, and the central issues of how AA-NAT mRNA is regulated and how changes in AA-NAT activity are related to changes in AA-NAT mRNA content. These issues will be addressed sequentially.
Structure
Comparative analysis of the amino acid sequence of chicken, human, rat, and sheep AA-NAT reveals that they contain several highly conserved regions. These include putative phosphorylation sites, a putative acetyl-CoA binding domain defined by motifs A and B (Tercero et al., 1992) , three 100% conserved regions (AA-NAT 47~7, AA-NAT70..51, and AA-NAT88.95), which may represent the arylalkylamine binding site, and a histidine-rich region (AA-NAT11517~),which might be an active site (Klein and Kirk, 1976; Borjigin et al., 1995; Coon et aI., 1995 Coon et aI., , 1996 Roseboom et al., 1996) . These regions could be of fundamental importance to the function of AA-NAT and will be studied first in future structure! activity investigations.
Tissue distribution
The tissue distribution of AA-NAT mRNA in the chicken is generally similar to that in mammals, in that high expression is found only in the pineal gland and retina and that high values are always detected in the pineal gland at night. However, the ratio of peak expression in the pineal gland compared with the retina ranges from '--300 in the rat to "-5 in the sheep, human, and chicken. The finding that AA-NAT mRNA is strongly expressed in the outer nuclear layer of the retina, which is composed of photoreceptor cell nuclei, is consistent with the common observation that many genes involved in visual transduction and melatonin synthesis are expressed both in the pineal gland and in retinal photoreceptor cells (O'Brien and Klein, 1986) ; in the chicken this includes hydroxyindole-O- ZT is given as a reference. Top panels: Representative northern blot analyses of PA-NAT and actin mRNA5. Each lane contains 10 pg (pineal gland) or 20 pg (retina) of total RNA. Bottom panels: Quantitative analysis of the northern blots (•) and the levels of PA-NAT activity (0) in each experimental group. The abundance of the PA-f AT transcript has been normalized to actin mRNA, to correct for variations in loading. Data are means of duplicate determinations (RNA) or mean ± SEM (bars) values (activity; n = 4 pineal glands or 7-8 retinas per group) and are expressed relative to the value measured 6 h after the onset of light (first ZT 6 with light). Individual mRNA values were within 30% of the mean except for some of the lowest values, which were within -40% of the mean. The levels of PA-NAT activity at the reference time point were 180 ± 30 pmol/min/mg of protein in the pineal gland and 26 ± 3 pmol/min/mg of protein in the retina. For details, see Materials and Methods.
methyltransferase, the last enzyme in me!atonin synthesis Wiechmann and Craft, 1993) . The significance of weak expression in the ganglion cell layer is not clear.
Brain expression of AA-NAT, seen in the sheep and human, was not detected by northern blot analysis or in situ hybridization in the chicken. In this regard, the chicken brain is more like the rat brain, in which AA-NAT mRNA has not been detected by northern blot analysis (Roseboom et al., 1996) . This species-dependent pattern could reflect differences in factors controlling tissue-specific expression of the AA-NAT gene, as mentioned above, in mRNA stability, or in a combination.
Regulation of AA-NAT mRNA
Pineal gland. One of the important findings in this study is that there is a strong rhythm in chicken pineal AA-NAT mRNA in DD, which is similar to that in the rat pineal gland (Roseboom et al., 1996) . This indicates that the mRNA rhythm is truly circadian and that it probably generates the rhythm in AA-NAT activity in DD (Binkley and Geller, 1975) .
The persistence of a strong pineal AA-NAT mRNA rhythm in LL sharply contrasts the situation in mammals, where light suppresses the rhythm in AA-NAT mRNA (Roseboom et al., 1996) . Rhythms in the chicken pineal gland are known to reflect the action of two oscillators: one located in the pineal gland, the other in the visual supraehiasmatie nuclei. Our data indicate that the link between at least one of these oscillators and the rhythmic AA-NAT mRNA output signal in the chicken pineal is not interrupted by light. Further investigation will be necessary to determine the precise contribution of each oscillator to the rhythm in pineal AA-NAT mRNA, and to evaluate their sensitivity to light.
It should be emphasized that although light does not damp the rhythm in pineal AA-NAT mRNA, it can modulate this rhythm: LL delays the timing of the peak by -6 h, and exposure to light late in subjective night in DD advances the timing of the peaks in the rhythms in pineal AA-NAT activity and mRNA by >4 h (Binkley et al., 1981) (Fig. 8) . These observations are consistent with the known phase-response curve of circadian systems to light and suggest that light is acting on AA-NAT mRNA and enzyme activity through actions on circadian clock mechanisms.
Retina. The patterns of regulation of AA-NAT mRNA in the retina are generally similar to those in the pineal gland. The retinal AA-NAT rnRNA rhythm persists in both DD and LL conditions, but the amplitude is damped and the rhythms are not well-defined. In addition, light seems to have a stronger inhibitory effect on AA-NAT mRNA in the retina than in the pineal gland, as indicated by the marked effects of light on retinal AA-NAT mRNA levels in LL.
These results indicate that the rhythms in AA-NAT mRNA in both the pineal gland and retina are controlled by circadian clock mechanisms and by light. Two questions still remain to be addressed. The first one is to determine whether these circadian variations in AA-NAT mRNA levels reflect clock-controlled changes in mRNA stability or in transcription initiation. The second one is to establish the sites of the circadian oscillators that control the AA-NAT mRNA rhythm in these two tissues.
It should be added that other enzymes involved in melatonin synthesis are also regulated by a circadian clock. In the chicken pineal gland, hydroxyindole-Omethyltransferase mRNA peaks during the day . Tryptophan hydroxylase activity in the chicken retina and tryptophan hydroxylase mRNA in Xenopus retina both peak at night and are controlled by a circadian clock (Thomas and luvone, 1991; Green and Besharse, 1994) . It will be of special interest to determine whether a common mechanism, such as binding of a transcription factor to a conserved cisacting DNA element, regulates the circadian rhythms of these genes.
Relationship between AA-NAT mRNA level and activity
The results of our study indicate that changes in pineal AA-NAT activity do not necessarily reflect changes in AA-NAT mRNA levels. For example, light rapidly decreases the nocturnal levels of enzyme activity but not AA-NAT mRNA. Also, LL damps the rhythm in AA-NAT activity Wainwright and Wainwright, 1980; Binkley and Mosher, 1984) but not that in AA-NAT mRNA. A less obvious discrepancy is seen when the amplitude of the rhythm in AA-NAT activity is compared with that in mRNA. For example, the amplitude of the pineal activity rhythm is greater than that in mRNA in LD. These disparities between mRNA and activity appear to reflect translational, cotranslational, and/or posttranslational mechanisms that influence enzyme activity, independently of changes in mRNA content.
These mechanisms could involve posttranslational effects of cyclic AMP and disulfides, because AA-NAT is stabilized by cyclic AMP and is inactivated by disulfides acting through a protein-thiol disulfide exchange mechanism (Binkley et a!., 1976; Klein et al., 1978; Namboodiri et al., 1980; Alonso-Gomez and luvone, 1995) . Cyclic AMP could act through the two putative cyclic nucleotide-dependent protein kinase sites in AA-NAT, and disulfides could act through the nine cysteine residues. Another potential regulatory mechanism is cyclic AMP-regulated proteolysis.
Previous studies have established that the acute and the phase-shifting effects of light on chicken pineal AA-NAT activity are due to different transduction mechanisms (Zatz and Mullen, 1988) . Our studies extend the interpretation that different mechanisms are involved because they indicate that the acute effect of light on AA-NAT activity reflects posttranscriptional events, whereas the phase-shifting effect of light on AA-NAT activity is a reflection, at least in part, of changes in AA-NAT mRNA content.
Overall, the observations in this study suggest that there are two levels of regulation of AA-NAT activity.
Regulation at the mRNA level seems to determine, at least in part, the circadian pattern of AA-NAT activity. This is driven by a clock that is influenced by environmental lighting to adapt to changes in light:dark schedules. Regulation at the protein level controls the relationship between mRNA and activity. Through this type of regulation AA-NAT activity can be rapidly suppressed by light, which provides a mechanism to fine-tune the circadian pattern of AA-NAT. These two mechanisms appear to operate together to ensure the accuracy of the melatonin rhythm as an indicator of environmental lighting.
The studies presented here extend our understanding of how AA-NAT activity and melatonin production are regulated. The observation that AA-NAT mRNA is regulated by an endogenous clock is of special interest because continued analysis of circadian regulation of expression of the chicken AA-NAT gene may provide an avenue toward a goal of broader interest and a better understanding of the molecular aspects of vertebrate circadian clock function and how light acts on the clock.
